Transverse Momentum Dependent (TMD) parton distributions obtained from the Parton Branching (PB) method are combined with next-to-leading-order (NLO) calculations of Drell-Yan (DY) production. We apply the MC@NLO method for the hard process calculation and matching with the PB TMDs. We compute predictions for the transverse momentum, rapidity and φ * spectra of Z bosons. We find that the theoretical uncertainties of the predictions are dominated by the renormalization and factorization scale dependence, while the impact of TMD uncertainties is moderate. The theoretical predictions agree well, within uncertainties, with measurements at the Large Hadron Collider (LHC). In particular, we study the region of lowest transverse momenta at the LHC, and comment on its sensitivity to nonperturbative TMD contributions.
Introduction
The production of Z-bosons in a Drell-Yan (DY) process [1] in pp collisions is one of the most precisely measured processes at high energies at the LHC [2] [3] [4] [5] . At large transverse momenta p T of the Z-bosons, higher-order calculations in perturbative QCD including several additional jets are necessary to describe the measurements, while at small transverse momenta soft-gluon perturbative resummations and nonperturbative contributions are needed [6] [7] [8] [9] [10] . An accurate description of the low-p T spectrum of the vector bosons is important for precision measurements of the W-boson mass m W , since it influences the simulation of the transverse mass or the transverse momentum of the decay leptons from which m W is extracted.
Soft-gluon resummation in the low-p T spectrum can be achieved by analytic resummation methods [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] or by parton shower in multi-purpose Monte Carlo (MC) event generators [22] [23] [24] [25] matched with higher-order matrix elements [26] [27] [28] [29] [30] [31] . Nonperturbative effects can be incorporated via transverse momentum dependent parton distribution functions (TMD PDFs, or TMDs) [32] at low transverse momenta.
In Refs. [33, 34] a Parton Branching (PB) approach has been proposed which, similarly to parton shower event generators, is based on the unitarity picture [35] of parton evolution, but, unlike these event generators, uses this picture to define and evaluate TMD distribution functions. The PB method [33, 34] incorporates soft-gluon angular ordering in the parton evolution and running coupling. This enables it to achieve leading-logarithmic (LL) and next-to-leading-logarithmic (NLL) accuracy in the soft-gluon resummation, consistently with the formulation [36, 37] of coherent branching. In this respect, the results of the PB method can be compared with results based on the resummation method [10] . The main feature of the PB approach, compared to parton shower event generators, is that TMDs can be obtained and fitted to experimental data, so that all non-perturbative parameters are fixed, and predictions can then be constructed with no further free parameters.
In this article we apply the PB approach to Z-boson DY production at the LHC. We use the TMDs obtained within the PB method and fitted [38] to inclusive deep-inelastic scattering (DIS) precision data from HERA together with a next-to-leading-order (NLO) calculation of the DY process. All parameters are kept as obtained from the fits to HERA DIS data, and no further adjustment is performed. The article is organized as follows. In Sec. 2 we describe the TMDs obtained from the PB method. In Sec. 3 we describe the DY NLO calculation. In Sec. 4 we present results for the Z-boson spectra in transverse momentum, rapidity and φ * variable. We compare our results with measurements from the LHC Run-I at √ s = 8 TeV, and present predictions for √ s = 13 TeV. We give conclusions in Sec. 5.
Parton distributions from the PB method
The PB method allows evolution equations for collinear [39] [40] [41] [42] and TMD parton distributions to be solved numerically in an iterative procedure, by making use of the concept of resolvable and non-resolvable branchings and by applying Sudakov form factors to describe the evolution from one scale to another without resolvable branching. The PB method is described in detail in Refs. [33, 34, 38] . In particular, the TMD parton density distributions are obtained from convoluting the perturbative evolution kernel K with the non-perturbative starting distribution A 0,b (x , k 2 t,0 , µ 2 0 ), as described in [38] ,
The evolution of the kernel starts at x 0 = 1 at µ 2 0 . In general, the starting distribution A 0 can have flavor-dependent and x-dependent k t,0 distributions. However, for maximal simplicity we use here a factorized form,
in which the intrinsic k t,0 distribution is given by a Gauss distribution with σ 2 = q 2 0 /2 for all parton flavors and all x, with a constant value q 0 = 0.5 GeV.
Collinear and TMD parton distributions were obtained in [38] from fits of the parameters of the starting distribution f 0,b (x, µ 2 0 ) to the inclusive-DIS precision measurements from HERA, after QCD evolution and convolution with the coefficient functions at NLO. Two different sets of parton distributions were obtained: Set 1, which corresponds at collinear level to HERAPDF2.0NLO [43] , and Set 2, which differs by the choice of the scale used in the running coupling α s , namely, it uses the transverse momentum (instead of the evolution scale), corresponding to the angular-ordering approach.
In Fig. 1 the collinear parton densities are shown for up-quark, strange-quark and gluon distributions at evolution scales of µ = 10, 100 GeV. At µ = 10 GeV differences especially for the gluon are observed between Set 1 and Set 2. At scales relevant for Z production (µ = 100 GeV) the differences between the two sets are small. The collinear parton densities are available in a format compatible with the one employed in LHAPDF [44] , and can be used in the calculation of NLO processes. In Fig. 2 we show the transverse momentum distributions for up-quark, strange-quark and gluon partons at x = 0.01 (typical for Z production at √ s = 8 TeV) and µ = 100 GeV.
In Fig. 3 we show the transverse momentum distributions for up-quarks and gluons at x = 0.01 and µ = 100 GeV with the uncertainty coming from changing the width of the Gauss distribution q 0 in Eq. (2) by a factor of 2 up and down. This variation will be used later to estimate the uncertainty of the Z-boson p T -spectrum coming from the intrinsic k tdistribution. 
PB-TMDs and NLO calculation of Drell-Yan production
In Ref. [38] leading order (LO) matrix elements for the calculation of Z production in pp collisions at the LHC are used. A rather good description was obtained for the small-p T region. Predictions applying PB-TMDs for the calculation of Z-boson production in protonlead collisions have been recently reported in Ref. [45] . In the following we will describe how to use the PB TMD-parton distributions together with higher order calculations. We make use of MADGRAPH5 AMC@NLO (version 2.6.4, in the following labelled MC@NLO) [30] framework and apply the NLO PB parton distributions with α s (M Z ) = 0.118 for the NLO calculations of inclusive Drell-Yan production.
In MC@NLO subtraction terms, corresponding to the parton shower used, are calculated and subtracted from the NLO cross section. Since the PB-method follows angular ordering, with the same choice of the argument in α s and in the kinematics as used in the parton shower generator HERWIG++ [24] and HERWIG6 [46, 47] , the calculation of the hard process with the subtraction terms of HERWIG is used.
The NLO event generator MC@NLO generates events (with weights) which are stored in a format which can be read by parton shower event generators (LHE format) [48] . Instead of a parton shower event generator, we apply the PB-TMDs and modify the kinematics of the initial state partons (and as a consequence the final state partons and particles) according to the transverse momentum distributions given by the PB-TMDs. Since adding transverse momenta requires changes also in the longitudinal momenta, we require that the invariant mass of the partonic systemŝ as well as the rapidity of the system is not changed (a method which was applied in HERWIG6 and HERWIG++ [24] ).
The transverse momentum spectrum of Z-bosons obtained from the calculation of MC@NLO at a purely partonic level (LHE level) is shown in Fig. 4 (left) . Shown are the distributions obtained with HERWIG6 and HERWIG++ subtraction terms. Madgraph5 aMCatNLO + PB TMD dσ/dp ℓℓ T [pb GeV In order to avoid double counting between the contribution of the real emission treated by the matrix element calculation and the contribution from the PB-TMD (or parton shower), a matching scale µ m needs to be defined. This scale is determined by the NLO calculation and is transferred to the user via the parameter SCALUP (included in the LHE file).
The PB-TMDs depend, as indicated in Eq. (1), on the longitudinal momentum fraction x, the factorization scale µ and the transverse momentum k t . The factorization scale µ and the longitudinal momentum fraction x are used in the calculation of the hard process for collinear kinematics and a scale corresponding to µ =
t,i is chosen by default, with the sum running over all final state particles, that is, in the case of Z production, over the decay products and the final jet.
In order to allow the full phase space to be covered for the transverse momentum in the PB-TMD, the factorisation scale µ is set to the invariant mass of the hard process µ = √ŝ for the underlying Born configuration. For the real emission configuration the scale is changed to µ = . Finally, the transverse momentum is constrained to be smaller than the matching scale µ m =SCALUP. The calculation are performed with the CASCADE3 package [49, 50] (version 3.0.X), which allows to read LHE files and to produce output files to be analysed with Rivet [51] .
The resulting transverse momentum spectrum of Z-bosons obtained from the calculation of MC@NLO after inclusion of PB-TMDs for different subtraction terms is shown in Fig. 4 (right). It is interesting to note that, for the p T spectrum of Z-bosons calculated at inclusive level, no sensitivity to the subtraction terms is observed after the PB-TMDs are included, because the difference in Fig. 4 (right) translates into an effect of at most a percent in the total rate in Fig. 4 (left) . It has been checked explicitly that a similar result is obtained when using PYTHIA8 [22] parton showers.
PB-method and parton showers
The basic principles of the PB-method and parton showers are very similar: both methods rely on the definition of resolvable branchings and treat every branching separately, where the kinematics can be reconstructed.
The PB-method is a method to determine the parton density, and has been applied to precision DIS measurements from HERA to determine the free parameters of the starting distributions [38] . The parton densities (collinear as well as transverse momentum dependent ones) have been obtained with NLO DGLAP splitting functions and two-loop α s with α s = 0.118. The evolution scale and the definition of resolvable branching is fixed. The intrinsic k t -distribution could not be constrained from inclusive DIS measurements, and an uncertainty coming from the variation of the mean of the Gauss distribution was assigned. The uncertainties coming from the experimental uncertainties of the data points as well as model uncertainties were determined [38] . Apart from the scale uncertainties of the hard process calculation and uncertainties of the matching scale, all parameters are fixed.
In a traditional parton shower approach (e.g. [22] [23] [24] [25] ) the evolution is not constrained by the parton density, and p T -ordered or angular ordered evolution can be used, together with choices on the definition of resolvable branchings. The free parameters are usually constrained by fits to measurements, the Monte Carlo (MC) event generator tunes, provided by the MC authors directly or by experiments (e.g. [52] [53] [54] [55] ). The value of α s is usually different from the one used in the parton density, as discussed for example in Ref. [31] , and special tunes are needed for LO or NLO calculations.
While the principles of PB-method and parton shower are similar, the major advantage of the PB-TMDs lie in a consistent use of parton evolution, the concept of resolvable branching and the determination of the transverse momentum during the evolution in a way which is constrained by fits to inclusive data, as the usual collinear parton densities. The central values of the predictions might be very similar in both approaches, however the uncertainties coming from the PB-TMD compared to the ones coming from a traditional parton shower are very different: in the p T -spectrum of the Z-boson the uncertainties in the PB-method are of the order of a percent or smaller (see discussion around Fig. 5 ), while in a parton shower approach the uncertainties range from 50% at LO to ca. 5% for NLO splitting functions [56] .
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Transverse momentum and φ
* spectra at 8 TeV
In Fig. 5 we show the prediction for the transverse momentum spectrum of Z-bosons at √ s = 8 TeV obtained with a calculation using MC@NLO together with the PB-TMD [38] , and compare it with the measurement by ATLAS [3] . The calculation is performed with CASCADE package [49, 50] (version 3.0.X) and Rivet [51] . Fig. 5 (left) shows the prediction using PB-2018-Set1 and Set2 parton distributions for both the collinear and the TMD calculations. The prediction based on PB-2018-Set1 overshoots the measurement at small transverse momentum of the Z-boson, while the prediction based on PB-2018-Set2 agrees very well with the measurement. This difference in the p T -spectrum is a direct consequence of the differences in the k t -spectrum of the TMDs, shown in Fig. 3 . In the following we will use PB-2018-Set2 only. In Fig. 5 (left) the uncertainties coming from the uncertainty of the TMD PDF determination are shown; they are very small (∼ 2%). We show the effect of varying the mean of intrinsic k t -distribution by a factor of two (Fig. 5, left) . Only in the lowest p T bin an effect of ca. 5% can be observed. The uncertainties coming from the TMD densities and the uncertainties coming from the scale variation (µ F and µ r are varied by a factor of 2 up and down independently) in MC@NLO are shown (Fig. 5, right) . The uncertainties from the TMD determination are small compared to the uncertainties coming from scale variation.
The bump in the p T distribution at ∼ 30 GeV is an effect of the scale choice in MC@NLO, and it has been explicitly verified that a similar structure is observed when using HERWIG6 or PYTHIA instead of the PB-TMD. The deviation of the prediction at higher transverse momenta comes from missing higher order contributions in the matrix element calculations, as only O(α s ) corrections are included, and the restriction of transverse momentum of the TMD by µ m . [38] . Left: uncertainties from the PB-TMD and uncertainties coming from changing the width of the intrinsic gauss distribution by a factor of two. Right: with uncertainties from the TMDs and scale variation combined.
In Fig. 5 (left) the contribution from DY+1 jets (with p jet T > 10 GeV) at NLO obtained with PB-2018 Set 2 parton distribution is shown in addition, with the band showing the uncertainty coming from the scale variation. At larger p T the higher order contribution plays an important role and improves the description of the measurements. At this stage, we do not attempt to merge DY and DY+1 jet calculations. This will require additional studies in the use of the TMDs.
In Fig. 6 we show a comparison of the calculation with the φ * distribution as measured in [3].
Predictions for Z-boson production at 13 TeV
In Fig. 7 we show predictions for the transverse momentum and rapidity spectra of Z-bosons at √ s = 13 TeV obtained, as in the previous subsection, with a calculation using MC@NLO together with the PB-TMD Set 2. The Z-bosons are selected from decay leptons with p T > 25 GeV and |η| < 2.4 and |m ll − m Z | < 15 GeV, following closely the selection in [57] . The uncertainties coming from the TMD parton density are shown as the blue band, while the uncertainties from a variation of the factorisation and renormalization scales are shown as the red band. In addition are shown predictions coming from a variation of the mean of the intrinsic k t -distribution by a factor of two up and down. In Fig. 8 the prediction for φ * is shown, including TMD and scale uncertainties. [38] . Left: uncertainties from the PB-TMD and uncertainties coming from changing the width of the intrinsic gauss distribution by a factor of two. Right: with uncertainties from the TMDs and scale variation combined.
The region of small transverse momenta
The transverse momentum spectrum of the Z-bosons at small p T is a direct measure of the intrinsic motion of the partons inside the protons as well as an important probe of the perturbative soft-gluon resummation, either in terms of TMDs or in terms of parton showers. In Fig. 9 we show predictions for the p T spectrum with a fine binning obtained with the PB -method and standard parton showers with recent tunes: PYTHIA8 [22] with tune CUETP8M1 [53] , HERWIG++ [24] and HERWIG6 [46] with default parameter settings (version 6.5.21 in MAD-GRAPH5 AMC@NLO (version 2.6.4)). All predictions make use of MC@NLO calculations of the hard process with the same collinear parton density (PB-NLO-2018-Set2) but with the appropriate subtraction terms included in the MC@NLO calculation. As expected, all calculations agree at larger p T , while differences of up to 20 % are observed at small p T < 5 GeV. The prediction using HERWIG6 uses parameter settings which were not tuned to recent measurements, and serves as an illustration of the sensitivity of MC tunes. With dedicated measurements in the region of Z-boson p T < 5 − 10 GeV with fine enough binning, differences in the resummations and parton showers can be distinguished.
Conclusion
The PB-TMDs, which have been determined from NLO fits to inclusive DIS data, have been used to predict the Z-boson transverse momentum spectrum in pp collisions at the LHC 
dσ/dp ℓℓ T [pb GeV with the measurement at small p T is found using the PB-NLO-2018 Set2. The uncertainties coming from the determination of the PB-TMDs are quite small, and only in the lowest p Tregion a sensitivity to the intrinsic transverse momentum spectrum is found, of the order of 2-3 %. The scale dependence of the matrix element calculation dominates the overall uncertainty. The PB-TMD combined with MC@NLO has been used to predict the transverse momentum spectrum of Z-bosons at 13 TeV. Measurements of the transverse momentum spectrum with a very fine binning at small p T would allow one to separate details of the resummation procedure and the intrinsic transverse momentum distributions.
The PB-TMD have been combined for the first time with NLO collinear matrix element calculations and very good agreement with measurements for the transverse momentum and rapidity cross sections of Z-boson production is observed, without further adjusting obtained with the PB -method (PB-TMD NLO 2018 Set2 [38] ), the parton shower of PYTHIA8 [22] with tune CUETP8M1 [53] , HERWIG++ [24] , and HERWIG6 [46] . 
